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DOI: 10.1016/j.cub.2010.02.029Circadian Biology: Environmental
Regulation of a Multi-Oscillator
NetworkHow does the Drosophila circadian control network respond to seasonal
environmental changes? Genetic manipulations that target a small subset
of clock neurons reveal that they integrate seasonal cues of light and
temperature to modulate the daily distribution of rest and activity.Charles Choi
and Michael N. Nitabach*
From cyanobacteria to mammals,
almost all organisms examined
possess an internal biological clock
that synchronizes physiology and
behavior to the 24 hour daily
environmental rhythms imposed by
the rotation of the Earth. This circadian
timekeeping system provides a means
for the organism to temporally organize
its physiology and behavior to
maximize its fitness. The Drosophila
melanogaster circadian control
system organizes daily rhythms of
rest and activity in a crepuscular
pattern, concentrating its locomotor
activity around dawn and dusk.
Crepuscular locomotor activity
manifests as morning (M) and evening
(E) peaks of activity that initiate prior
to dawn and dusk. These anticipatory
M and E peaks of activity are driven
by, and thus require, a functional
internal timekeeping system.
The cellular basis for Drosophila
circadian timekeeping is a population
of about 150 so-called ‘clock neurons’
in the central nervous system. Each
of these clock neurons is itself a
sufficient circadian oscillator and
coordinated with its peers via neuronalcommunication mechanisms to
produce circadian behavior. A useful
model of how this neural network
orchestrates the M and E peaks is the
dual-oscillator model, which posits two
distinct populations of clock neurons
that regulate and generate the M
and E peaks, respectively. Cell ablation
and cell-specific mutant rescue
experiments targeting different,
anatomically distinct groups of clock
neurons have suggested the identity
of M oscillators and E oscillators as
the PDF neuropeptide expressing small
lateral ventral clock neurons (sLNvs)
and a subset of PDF receptor (PDFR)
expressing lateral dorsal neurons
(LNds), respectively [1–3] (Figure 1A,
right panel). These M and E oscillators
not only are sufficient to drive the M
and E peaks but also control the phase
of the activity peaks they generate as a
result of their cellular oscillations [1–3].
However, more recent evidence
suggests that M activity peaks may be
generated or influenced by cells other
than the PDF-expressing sLNvs. When
CRYPTOCHROME, a cell-autonomous
circadian light sensor in clock cells, is
removed from flies that also lack PDF
signaling, which is a key output signal
of the M oscillator, M peak is restored
and forms the basis of locomotorrhythms in constant light [1,4]. Flies
with genetic manipulations that allow
rhythmicity in constant light have
cellular oscillations in a group of dorsal
neurons called the DN1s but not in the
sLNvs or LNds, and this suggests that
DN1s are sufficient to drive behavioral
rhythms in constant light [5,6].
Furthermore, selectively accelerating
cellular oscillations of PDF-recipient
cells that include the DN1s, but not
PDF-expressing cells, can phase
advance both E and M peaks in
long-day:short-night photoperiods [6].
Now, as reported in this issue of
Current Biology by two groups led by
Allada [7] and Emery [8], respectively,
the cellular identity of a non-sLNv
oscillator that is capable of generating
an M peak of activity has been
determined. Specifically, the two
groups showed that an M peak could
be restored in flies lacking genes
required for such peaks by targeting
the DN1 p subset of dorsal clock
cells with cell-specific genetic
manipulations. When PDF signaling
to the DN1ps was restored in PDFR
mutant flies by expressing PDFR in
the DN1ps, morning anticipation
was rescued [7]. And when cellular
oscillation was rescued in period null
mutant flies selectively in the DN1ps,
morning and evening anticipation was
rescued [8]. These studies suggest that
PDF signaling to DN1ps is sufficient to
generate the M peak and that cellular
oscillations are not required in the
LNvs or the LNds for the generation
of M and E peaks.
Another interesting aspect to DN1p
function revealed by these new
studies is that these neurons appear
to be a locus of integration of light,
temperature, and neuropeptide signals
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Figure 1. DN1ps integrate temperature, light and neuropeptide signaling information to modu-
late morning and evening peaks in locomotor activity.
(A) DN1ps (black cells) integrate PDF signals from the small LNvs (green cells), temperature
information, possibly from the DN2s or LPNs, and ambient light intensity to distribute diurnal
activity levels by altering the phase and/or the amplitude of M and E peaks. The output signal
from the DN1ps directly generates activity peaks in a parallel pathway from the LNds (blue
cells) and the sLNvs (red cells) that generates the E and M peaks, respectively (solid lines).
Alternatively, DN1ps are in a common pathway with the LNds and the sLNvs, and the pathway
modulates the activity peaks (dashed lines). Additionally, PDF signals permit the DN1ps to
affect behavioral rhythms by gating the output from the DN1ps (not shown in figure). (B) Effects
of seasonal changes in temperature and light intensity on M and E peaks during light–dark
cycling conditions (light, empty bar; dark, filled bar). In winter conditions, activity is concen-
trated to the day time; in summer conditions, activity is concentrated to the night time.
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R323that coordinate cellular oscillations
within the circadian control circuit,
and between the organism and its
environment (Figure 1A, left panel).
Expression of narrow abdomen (na), a
gene encoding a putative cation leak
channel that is important for acute light
responsive activity bouts and diurnal
distribution of activity levels [9,10],
in DN1ps reinstates the M peak and
masking behavior in na-null mutants,
suggesting that light information
driving acute light responses is
processed in the DN1ps [7]. Also, the
crepuscular activity driven by DN1ps
is modulated by ambient light intensity
and temperature [8] (Figure 1B).
E anticipatory peak amplitude is
increased with lower light intensities
and lower temperature in the light–dark
cycle, while M anticipation is
decreased with lower temperature [8].
Similar effects of temperature on M
and E peaks in wild-type flies have
been previously reported [10,11],
yet E peaks generated by the LNd
clock are unaffected by the same
light and temperature manipulations
[8], suggesting that it is the DN1ps
that possess temperature- and
light-dependent neuronal plasticity
and mediate these effects. Therefore,
DN1ps have the capacity to serve as
regulators of the phase and/or
amplitude of the M and E activity peaks
based on seasonal environmental
conditions, thus allowing the organism
to concentrate its activities in the
warmer dusk in winter, when light
intensity and temperature is low, and
correspondingly avoid the cold
before dawn [8] (Figure 1B).
The intrinsically temperature-sensitive
input cells are unlikely to be the DN1ps
themselves. DN2 and LPN (lateral
posterior neurons) cellular oscillations
are the most sensitive to six hour phase
advancement of temperature cycles
relative to light–dark cycles, followed by
the DN1s [12]. Additionally, DN2 cellular
oscillations are phase advanced relative
to other clock cell groups that also have
robust oscillations during temperature
entrainment in constant dark [13],
suggesting that the DN2s lie upstream
of DN1ps for temperature responses.
The DN1ps not only are sensitive to
salient environmental cues such as
light and temperature but also receive
signals from the key PDF-secreting LNv
subset of clock neurons. In particular,
the attenuated M peak and severe
disruption of free-running locomotor
rhythms in constant darkness in PDFRmutant flies can be ameliorated with
targeted PDFR expression solely in the
DN1ps [7]. Consistent with the key
role of PDF signals to DN1ps in
permitting normal circadian output,
sustained PDFR activation with
membrane-tethered PDF in dorsal
clock neurons of pdf-null mutant flies
restores strong free-running rhythms
in constant darkness [14], and flies
that ectopically express SHAGGY, a
protein kinase that stabilizes thecore clock component TIM, and thus
exhibit DN1-driven rhythmicity in
constant light, are no longer rhythmic
when PDF is absent [6]. In addition
to a permissive role in gating dorsal
clock neuron outputs suggested by
these studies, PDF also appears to
convey a phase signal from LNvs to
dorsal clock neurons. Delaying or
accelerating cellular oscillations in
the LNvs alters the pace of molecular
oscillations in the DN1s
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altering LNv action potential firing
patterns by expression of a
membrane-tethered spider toxin
phase advances both PDF secretion
rhythms and the M peak of locomotor
activity [16].
Crepuscular activity rhythms and
their adjustment to changes in
prevailing environmental conditions
are likely to be an important aspect
of the selective advantage of circadian
rhythms in Drosophila. A plastic DN1p
group that is sensitive to light,
temperature, and neuropeptide signals
from other parts of the circadian
network indicates that DN1ps are
a key network node modulating
crepuscular locomotor activity phase
and amplitude. But it remains to be
determined whether the DN1ps
generate independent M and E peak
outputs that modulate locomotor
activity in a parallel pathway to the
outputs from the PDF-secreting LNvs
and LNds, or rather that the DN1ps and
these M and E cells are in a common
pathway, either with DN1ps upstream
of M and E cells or M and E cells
upstream of DN1ps (Figure 1A, right
panel). In the parallel pathway situation,
either M and E cells or DN1ps would
be sufficient to drive crepuscular
activity peaks when the other cells
are ablated or electrically silenced.
Rescuing DN1p oscillations in flies with
the M and/or E oscillators ablated orelectrically silenced, and specifically
ablating or electrically silencing DN1ps
in flies with intact M and/or E oscillators
should resolve this issue. Regardless
of the cellular mechanism, this new
understanding of the role of the DN1p
oscillator enriches the M and E dual
oscillator by providing a cellular locus
of seasonal modulation of locomotor
activity rhythms.
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Integrins in ClearanceA recent study shows that one of the two known Caenorhabditis elegans
homologs of the mammalian integrin a subunit plays an essential role in the
clearance of apoptotic cells — efferocytosis — during nematode development.
These new findings reveal that integrins have evolutionarily conserved
functions in efferocytosis in metazoans.Veera D’mello and Raymond B. Birge*
Efficient recognition, engulfment, and
degradation of apoptotic cells by
phagocytic cells is critical for both
development and tissue homeostasis
in metazoans [1]. This process is
particularly important in mammals, as
deficiencies either in recognition or
in degradation of apoptotic cells can
result in systemic inflammation andsubsequent autoimmune disorders
with characteristics of rheumatoid
arthritis, systemic lupus erythematosus
or Wegener’s granulomatosis [2].
Effective clearance of an apoptotic
cell — a process termed
efferocytosis — involves direct contact
between the apoptotic cell and the
phagocyte, and specific recognition
and phagocytosis of the dying cell.
While a plethora of receptors andligands are known to be involved in
the recognition phases of efferocytosis
in mammals, paradoxically such
recognition pathways in
Caenorhabditis elegans have been
largely elusive. A new study published
recently in Current Biology by Hsu
and Wu [3] now reveals an essential
role for one of the C. elegans homologs
of the mammalian integrin a subunit
in the clearance of apoptotic cells.
Integrin receptors are obligate
heterodimers containing distinct a and
b subunits. In mammals 18 a subunits
and 8 b subunits have been
characterized, while in C. elegans there
are 2 a subunits (INA-1 and PAT-2)
and a single b subunit (PAT-3).
Integrins are best known for tethering
cells to their surrounding tissues, but in
mammalian systems they have equally
important roles as receptors involved
